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n .  This report  documcnts t5e results of a s h d y  6e~l;ii;l~ '3 the f!f;?*t 
performance reserve of typical At~as/Ctx+a.~r xiissiais. I ;?e 
study was conducted by GecLrzl D y n a ~ c s / t l s t r o i i ~ ~ t i c s  unser 
Contract No. NAS3-3232. 

r-7- 

The purpose of tb2s r epor t  is t o  prov!de dra s;?owiag the pro- 
pellant reserve reqcired to assme ;hat nomha! kjection con- 
ditions are met with a preserToed success p%kbi l i t y .  The 
analysis is based on the rool-sum-square tec:~~ic_lczz c,' COM- 

bining the effects on payloac capabili~y of perfo;.z:aice dispel-- 
sions in various vehicle ~ ~ 7 ~ ~ 2 1 1 1 s .  

f o r  both direct  ascent ar-5 ai 6-burn parking orbit missions. 

m- la18 resnlts ase applicable 

The data presented here31 s::ersedes the performance reserve 
data presented in GD/A Zeport KO. AYGB-0015,- dated 27  ,:ly 1962. 
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rn L he flight performance reserve  (FPR) a50 refer:d to as p q d k q t  reserve,  has 
been determined parametrically for Atlas/Ceiitzu; missicfis. The techique  meci to  
cie~ermii~e the FPR was to root-sum-sqxc the erfec's ~ 1 1  ;?zy!oaci cz;>3-h,ili:y GP C i s -  
p e i - s i o ~ s  in the variables 1vh2ch sigiIic?-.ly Ltrfect vehicle perforixmce. ;;']?It is :>re- 
se-ited for  standard deviations (oi:e-sigrcc> of these vzrizbles. The three-sigma FPR 
value which is normally considered in  pel-:'ormmce calculations is three t i n e s  the 
o:ie-sign.a value. These dzta a r e  al;plica!)le to both direct  ascent, and two-burn 
parking orbit missions, 
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SECTION 1 

INTRODU CTIOS 

Payload capability is determined by the kijection energy required for a mission. 
most missions, injection altitude and f l ight  path angle a re  similar enough to permit 
the use of injection velocity as a measure of energy. 
be used to relate velocity change to vehicle weight as follows: 

For 

The ideal velocity equation can 

where: 

n = number of vehicles stages 

AVR = total velocity requirement 

I = effective specific impulse 

g = gravitational constant 

W1 = initial weight during a powered phase 

W2 = final weight during a powered phase 

Flight performance reserve (FPR) is delined as  that amount of Centaur stage propel- 
lant which is held in reserve  to conipensate for both Atlas and Centaur non-aominal 
performance. Flight performance reserve is calculated by determining the Centaur 
propellant reserve  required to assure  that the nominal velocity requirements can be 
satisfied. 

If total velocity loss (AVT) due to system deviations is: 

then: 



, AYG2-0015-4 
6 April 1964 

Wo = Centaur burnout weight with 30- syskrr, deviations 

This assumes that the effects of all the d i s p r s i o n s  are corrected in t5c Centacr stsge. 
The principal advantage of this is that thc Atlas a r d  Cen;xr ~ y r , a i s  c ~ t ?  >e consid- 
ered as a unit and hence the effects of all dispersions can be t r e z z d  statis;ically. 
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SECTION 2 

RESULTS 
1 

7 

1 
! 

The resu l t s  of this study are presented 111 Figure 1 which shows FPR ( one sigma ) as 
a function of payload weight. Normally, payload capability is d?tern=Lmd baocd o : ~  
99. SG percent probability of zchievizg thc i-eqAi*d riL;--,.. , r u A ~ u - d j .  

value of FPR is three times the one-sigma vaiue. 
> 22 ~ ~ . , ~ - . , ~ ~ . - : : a  

In previous repor t s ,  FPR has been presented as a function of Centaur total mass r:itio 
and g ~ o s s  weight (i.e. , Centaur liftoff weight less insulation panels and nose fairing). 
In order  to provide a convenient means of comparison and to provide data in a form 
compatible with input to current payload computer p r c ; ~ t ; l - x ,  L k  ;-;s-;lts an2 s s o c i a -  
ted tables and figures are presented again, in the Ap,xmix,  as functions of C e n t a r  
mass rat io  and gross weight. 

- .  
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Figure 1. Flight Performame Reserve vs Paylozd Weight 

4 



PAY LOAD WEIGHT 

- - WBo - 3896 - FPR (30) wPL 

where 

is payload weight wPL 

WBO is nominal Centaur burnout. weight 

3896 is jettisoned weight 

Figure 2 shows the statistic probability associated with the nomind and quoted pay- 
load weights. The nominal payload is calculated by considering all system parameters 
to be nominal and therefore corresponds to a 50 percent probability of being achieved. 
FPR is calculated by assuming three-sigma deviations. Therefore 99.73 percent of 
the time the payload capability will equal the nominal weight IFPR. For 0.135 percent 
of the time the payload will be greater than this payload r a g e  and fo r  0.133 percent 
of the time it will be less. 
equal (or exceed) the quoted payload value with a probability of 99.86 percent (99.73 
percent +O. 135 percent). 

Therefore it can be stated that payload capability will 

Pzyload capability is determined by the type of mission specified. Table 1 shows 
typical payload weights for the various missions. The lower the payload weight, the 
lower the FPR requirement since less propellant is required to achieve a required 
velocity correit ion.  
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Table 1. Atlas/Centeur Mission Payload Weights 

TYPICAL 
PAY LOAD FPIZ 

c 3* WEIGRT (3 SIGMA) 
MISSION (!im/sec)2 (ib) (Ib) 

246 100 N. Mi -61 10,2OQ 

Circular Orbit 

Escape 
(Surveyor) 

0 2,400 156 

11 1 , 8 0 0  150 Mars 

18 1 , 3 0 0  144 Venus 

* C is twice the total energy per unit mass. 3 
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0 SECTION 4 

PAlL4i\lI ET E RS 

Twecty-nine parameters such as hardware acd residual weights, engine performance, 
and pitch program are considered in  the FPli calculation. Their nominal values and 
three-sigma dispersions are shown in Table 2 .  

Table 2 .  Nominal and Three-Sigma Dispersion of the Parzmeters 

PAR4METER 

Cefitaur Isp (system) 

Centaur P U  Residuals 

Booster Isp 

Sustainer I 
SP 

Sustainer Jett Residuals 

Pitch Program 

Head Wind 

Atlas Expendables 

Booster Thrust 

Centaur Jett Residuals 

Centaur Expendables 

Centaur Jett Hardware 

Sustainer Thrust  

Sustainer Jett Hardware 

Hold Down Time 

Eooster Jett Residuals 

LH, Vented (25 min parking orbit) 

Eooster Jett  Hardware 

Nose Fairing 

Boost Pumps (H202) 

d 

DISPERSION 
( 3 G )  NOMINAL 

Class iGeu 

60.0 lb 

253.6 sec  

215.0 sec  

1710.0 ih 

- 

- 

2.48303.0 lb 

330000.0 lb 

500.0 15 ’ 

30678.0 lb  

3417.0 lb 

57000.0 l b  

5548.0 lb 

2.35 sec  

1133.0 1’s 

70 .0  lb 

6:cG.o ils 

1565.0 lb 

0.1207 lb/sec 

- 

3.53 s e c  

90.0 lb 

2.16 sec 

3.09 s e c  

256.0 lb 

5.0 5; 
3 . 0  e 

1889.0 lb  

3615.0 Ib 

19.0  lb  

376.0 i5 

12.0 lb 

975.0 lb 

60.0 lb 

.2 see 

98.0 Ib 

11.0 !b 

30.0 15 

10 .0  lb 

0.01 lb/sec 
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Table 2.  Nominal and Three-Sigms Dispersion of the P a r a n e t e r s ,  Contd 

PARAMETER 

Centaur Venting (Boost) 

Chill Down Times 

Insulation Panels 

Centaur Thrust  

Centaur Residual GO2 

Cer,t,zur Residual GH2 

Centaur Residual LOz 

Centaur Residual LHz 

Centaur Tanking E r r o r  on Mixture 
Ratio 

NOhiINlAL 

60.0 Ib 

5 8~5.6 sec 

1000.0 Ib 

30000.0 Ib 

170.3 Ib 

103.8 lb 

68. 0 :.> 

13.0 1b 

5.0 

9.0 !b 

0.0 sec 

10.0 Ib 

600.0 !b 

8.4 lb 

7.4 lb 

2 .0  li; 

1.0 Ib 

0.06 (AI,-, = 
0.25 sec) 



SECTION 5 

VEHICLE COXFIGURATION 

The launch vehicle is a two and oce-half stage vehicle composed of an one 2nd one-hnlf 
stage Atlas and a Centaur upper stage. The Eoinind configwxtior, characteristics per- 
tinent to this study are described in detail in Reference 1 and summarized in Table 2. 



SECTION 6 

MISSIOS PROFILE 

The nominal mission profile is defined by the following phases. A boost phase from 
iiftoff to 5 .7  g's acceleration, at which tiicint the booster hardware is jatticoncd. T1;e 
sustainer phase extends from booster engii?e cutoff Ai 

Cenhur  stage is ignited subsequent to susmiczi- engine CC:G,.- z i  CJ~L;;ILCS UIILL ti:e 
vehicle is either injected directly into the transfer t rz jecbry (direct ascent) or injected 
into LL 90-n. mi. circular orbit (parking orhit ascent). 
iiidtxiinum coast period of 25 minutes is cssumed before 
thrusts until transfer trajectory injectior, conditions 

, C T - ,  this phase, the Centaur nose fairing nild ir,s~la",:o;, ; VL.. ^.*U .~ 

For  the parking orbit ascent, a 
entaur is re-imited and 



SECTION 7 

METHOD OF ANALYSTS 

Fligkt performance reserve can be calculikd by either 1) r e p a t e d l y  selecting v3lues 
for all parameters in  a random- manner arld c21c;t?f?tiAv- trajectcries r~t i !  2 well dcl'incd 
probability curve,  similar t o  Figure 2 , is obtzir,e?, 01 2)  assiyxiA:: GZ: p-rameter is 

is then combined using the root-Sam-square mcchod. ?;.,3 FPE obtfiined for the Mercury/ 
Xtlu vehicle using the root-sum-square method has been compared with datrl obtained 
by the random selection method (Reference 2)  and found to be comparable. 

CJ 

iridepeiidmt and calculating one trajectory f o r  each 01 ~ - 2  - >  G-;-:ZL-,;~ c z x i ~ c t e i - s ,  which 

Since energy requirement is the prime icem for determining FPR, s imilsr  F P R  values 

sioii. Tfle major difference in FPiZ due tc the ascem rrAddd., LYG die d i s p e r s i ~ n s  in 
parking orbit coast parameters and r e s t z t  parameters w i c h  have little efiect on FPR. 
Oaly the parking orbit azcent trajectory Aiode h:as bee2 COL. ldered in this study since 
it is more convenient to calculate and also g i ies  s& 
applied to the direct ascent mode. 

.. a r e  obtained for direct ascent ard parkic; orbit ~ S C C ; ; .  _ . "  . - -- 2 i U L  L . 2  sl7fi;c i-,1:s- 

,c ,,crvative results when 

Trajectories were simulated on an IBM 7930 digital computer from liftoff to parking 
orbit injection for the nominal and for eac-1 incremerked p r a m e t e r  . From parking 
orbit to final burnout, performance was c,luulated using the theoretical velocity 
equation which is an excellent approxim2t;on since theye is negligible velocity loss 
due t o  drag, gravity, or thrust miszligxment. Xn this mamer,  the payload loss 
associated with each deviation was obtained as a fw-ction of payloxl weight. Tzble 3 
shows the payload loss associated with each pzrzmeter (3-sigma deviation) for 
nominal payload weights of 9375 pounds and 2641 pounds. 

0 

The few parameters which result  i n  large payload losses dominete in xke determination 
of FPR. For example, one 100-pound loss is equivalem to sixd.een 25-pound losses. 
Therefore two items are evident. First, the effect GII FPR of any small  contribuclsn 
which has not been considered in this study, will be nezligible. Second, ar?y attempt 
to reduce FPR should concentrate on the six o r  so  p2rameters which coritribute 85 
percent of the FPR value. An approximatc method of determining the change in FPR 
due to any additional parameter is given Sclow. 

. ,z OK 
L F P R z  - 

2 FPR 

vrhe re : 
AX is the Centaur propellant (FPR) r e q d r e d  t G  campensate fo r  a deviation 
in the parameter. 
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Table 3 .  Effect of Thrse-Sigma Dispersion or. Paylozd 
~~ 

VARIABLE 

Centaur Propellant Residuals 
Centaur I 
Booster I 
Silstainer Isp 
Sustainer Jett. Residuals 
Pizch Program 
I-Ieadwind 
Atlas Expendables 
Booster Thrust  
Ceiitaur Jett. Residuals 
Cer, t aur Expend ab le s 
Centaur Jett. Hdw. 
Sustainer Thrust  
Sustainer Jett. Hdw. 
Centaur Residual GO, 
Csntaur Xesidual GHZ 
C e n t a r  Tanking E r r o r  on 

Mixcure Ratio , 

Booster Jett. Residuals 
H o Idd own Ti me 
LH, Vented (parking orbit) 
i3ooster Jett. Hdw. 
Nose Fairing 
Boost Pumps (H202) 
Centaur Venting (boost) 
Chill D G I V ~  Time 
Lqsulation Pane 1 s 
Cefitaur Thrust  
Centaur Residual O2 
Centaur Residual H2 

SP 
SP 

PAYLOAD LOSS (LZ) 

(9375 LE PAYLOAD) 

90 
1 O& 
104 

S-4 
57 

G9 
53 
5 2  

42 
1 9  
46 

12  
22 
12 

8 
7 

7 
13 

8 
10  

3 
1 
4 
1 
0 

~ 

(2644 LB PAYLOAD) 

90 
92 
4 s 
.! 5 
25 
25 
23 
2 3  
21 
1 9  
23 
12  
11 
6 
8 
7 

7 
7 
4 
5 
2 
1 
4 
0 
0 
0 
0 
2 
1 

1 i! 



Ac?dttionally, the change in FPR due to a c;?rmge in a pzrari:eter which has been con- 
sidered can be assessed by: 

where: 

Y is parameter 's  originai contribction to FPR 
AY is change in  parameter 's  contri3ution to  F'lR 



SXCTION 8 

EXCEANGE COEi?FICIENTS 

Exchange coefficients a r e  partials which x k t c  tke eifeet of a c h a g e  in a pal-slxzter 
to a change in payload weight. Some pzremeters hzve e x c k n g e  cwfiicients which 
k v e  s imilar  variation with payload weight. TE,ese are  termec! lixaar coefiicicnts 
and are listed in Table 4 for  a 10,200 pourx! ;?ayload. The var’,ation of these exch;-r,gc 
coefficients with payload is shown in F i s r c  3; The excknge  cosfficients of the r c -  
maining parameters  are presented in Figures 4 ar,d ;J 2s z iLli?e.ikn of paylozd weight. 

Table 4. Linear Exchange Coefficients* 

IDTIEPENDENT VARIABLE . EXCHA4KGE COXI;’FICIENT+ * 

Eooster Engine Thrust 
Sustainer Engine Thrust 
CentaL- Zngine Thrust 
Zooster Jett Weight (Hardware) 
Sustainer Jett Weight (Hardware) 
Kose Fairing 
Insdlation Panels 
Booster Jett Weight (Trp. Residuals) 
Smtainer Jett Weight (Trp. Residuals) 
Centaur Propellant Vented in Boost 

0. O i2.i 75/ib 
0.0238 lb/lb 
Xeg1i;;ilAe 
-0.119 lb/;lb 
-0.212 lb/lb 
- 0.177 Ib/lb 
.- 0.139 lb/ib 
- ‘0.145 ;S/Ib 
- 0.236 lb/lb 
- 0.078 lb/lb 

* The variation with nominal paylozd is sho.ivn in F igws  3 .  
** The variation in payload weight for  a 19,200 lb nomina! payloEd due to a dispersion 

in the independent variable. 
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Fi,o;ure 4. Excharge Ccefficients vs Payload Weight 
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Table A-1. Non-Variant Exchange Coefficients* 

INDE PENDEKT EXCliiiSCrE 
VARIABLE C O j 7 ~ ~ ~ ~ i ~ & 7 T v *  

__ .____ 

Booster Engine Thrust 

Sustainer Engine Thrust 

0.  0 124 %/h 

0. 023s lll/ll3 

Centaur Engine Thrust Negligibl c 

Booster Jett Weight (Hdw) - 0 .  119 ll)/ll) 

Sustainer Jett Weight (Hdw) 

Nose Fairing - 0 .  1 7 7  !h/Ib 

Insulation Panels - 0.139 lb/Ib 

Booster Jett Weight (Trp. Residuals) - 0. 145 lh/lb 

Sustainer Jett Weight (Trp. Residuals) 

Centaur Propellant Vented in Boost 
--- __- 

* The variation in weight into a parking orbit dile to a dispersion in the 
independent variable . 

** Does not vary  with Centaur gross weight (i. e. Payload Weight) 
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Figure A-1. Flight Perforrnxce Resexre vs Cexk::  Mass Ratio 

0 4 
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